Abstract. In the era of radio astronomy, the high sensitivity of the Square Kilometre Array (SKA) could play a decisive role in the detection of new radio sources. In particular, synchrotron radio emission from electrons and positrons produced by the annihilation of Weakly Interactive Massive Particles (WIMPs) in dark matter halos may be helpful in revealing the elusive nature of dark matter. In this work we study the SKA sensitivity for synchrotron radio emission from multi-TeV dark matter candidates annihilating in the Draco dwarf spheroidal galaxy. Firstly, we analyse the SKA sensitivity for model-independent dark matter. We show that the upper limit of detectability lies close to 10 TeV for W + W − , τ + τ − and tt channels after 1000 hours. This limit is displaced to masses even higher than 100 TeV when the enhancement due to an intermediate massive black hole is considered. Secondly, we focus on some specific masses that may fit either the cut-off in the gamma-ray spectra observed by the High Energy Stereoscopic System (HESS) from the J1745 − 290 Galactic Centre source or the recent Alpha Magnetic Spectrometer (AMS)-02 positron fraction. Finally, we consider extradimensional brane-world theories whose fluctuations, dubbed branons, represent a natural candidate for WIMPs. In this specific scenario, we set constraints on the branons parameter space (f ,M ), being f the coupling of the branon to the Standard Model particles and M the mass of the branon itself. We conclude discussing prospective multiwavelength observation of multi-TeV dark matter signals.
Introduction
Dark Matter (DM) is a fundamental ingredient to explain both astrophysical and cosmological phenomena in our Universe [1] [2] [3] [4] [5] [6] , yet its nature still remains elusive [7] [8] [9] [10] [11] . Indirect DM searches conform a series of detection strategies to disentangle the main features of DM. Indeed, assuming that DM particles may annihilate in galactic halos, cosmic rays would be produced. Then, their interaction with the environment (either galactic environment or intracluster medium) and eventual losses of energy would generate, amongst other particles, photons to be detected in a large range of frequencies. The study of these signals sets the basis of DM indirect searches through multiwavelength astronomy; depending on the energy loss mechanism distinctive signals could be detected at different frequencies, either via synchrotron emission, Inverse Compton Scattering (ICS), bremmstrahlung or Coulombian interactions. In particular, synchrotron emission from secondary electrons and positrons produced by annihilations of Weakly Interacting Massive Particles (WIMPs) could be detected at radio frequencies with the Square Kilometre Array (SKA) [12] . The SKA-Phase 1 (SKA1) is claimed to be one of the most promising instruments in radio astronomy. Its high sensitivity and resolution could be key to solve open questions in both Astrophysics, Cosmology and Particle Physics, including Physics beyond the Standard Model (SM) (c.f. [12] for further details). Radio emission from GeV DM candidates has been investigated in many previous studies [13] [14] [15] [16] [17] ). In this work, we will study the SKA sensitivity to prospect radio signals that could be produced by synchrotron emission due to secondary fluxes of e + /e − (following [18] [19] [20] [21] [22] [23] [24] [25] [26] ) after the annihilation of TeV DM particles. Among other DM candidates, it has been argued that SKA1 would be able to detect signals for minimal-supersymmetric (MSSM) DM candidates beyond the commonly conceived domain of naturalness, and about one order of magnitude beyond the scope of the Large Hadron Collider. In other words, the radio synchrotron signals of MSSM DM candidates up to mass of tens TeV should be detectable with SKA1 [27] . Nonetheless, only a limited number of theories could naturally produce DM particles with masses ranging from fews to tens TeV (c. f. dark atoms [28, 29] , minimal DM models [30, 31] or fermionic DM [32] ). In this regard, brane-world theories may also naturally produce thermal DM candidates up to masses of 100 TeV [33] . The latter, proved to be capable of fitting the cut-off in the gamma-ray signal from the J1745 − 290 Galactic Centre (GC) source detected by the High Energy Stereoscopic System (HESS) and also the positron excess measured by the Alpha Magnetic Spectrometer AMS-02 [34, 35] . Alone, the TeV cut-off in the HESS spectral feature cannot be explained as purely astrophysics [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , yet it was concluded that the pure DM origin was also disfavoured [50, [50] [51] [52] [53] [54] . More recently, combined analyses of Fermi LAT and HESS data have opened new interpretations from GeV to TeV energy scales either as a DM signal [55] [56] [57] or a purely astrophysical origin [58, 59] . In the following we will consider the possibility to fit the HESS data with multi-TeV DM candidates in the context of extra-dimensional brane-world theories. Note that these large DM masses are not in contradiction with the unitarity limit for the standard freeze-out scenario. Indeed, masses for the heaviest WIMPs may reach approximately 200 TeV if one imposes such a production mechanism [60, 61] . Regarding to the positron fraction detected by AMS-02, branons would fit the excess registered for e + /e − energies greater than 10 GeV but an astrophysical boost is necessary provided a thermal production mechanism. In addition, the constraints obtained on the branon parameter space with AMS-02 seems to be more dependent on the branon particle model than the propagation parameters for the annihilation products [35] .
At the time of selecting the best target for DM indirect searches, two aspects should be considered. First, those quantities maximising the DM signal, such as the DM density profile, the diffusion of cosmic rays along the galaxy and the magnetic field, among others. Second, the need of considering a target whose astrophysical background is either well-known or negligible 1 . Dwarf spheroidal (dSph) galaxies represent a promising target in this sense. In fact, the interaction of astrophysical cosmic rays with the environment is expected to be subdominant thanks to the low percentage of baryonic matter therein, thus, the background signal would be not very relevant. Nevertheless, their distance and proper emission make them faint sources requiring detectors with high sensitivity. In this regard, the SKA1 could play a significant role. In fact, previous observations of several dSphs with the Australia Telescope Compact Array (ATCA) [62] and the Green Bank Telescope (GBT) [13, 14] among others, have estimated non-detection background flux density around mJy, being SKA array able to measure µJy orders of magnitude [12] . Throughout this paper, we will study the case of Draco dSph.
The paper is organised as follows: in Section 2 we introduce the physics of propagation of charged particles along the galaxy as implied by the diffusion equation. In order to do so, we shall make clear the physics of propagation of charged particles along the galaxy as implied by the diffusion equation. This section is conducive to set the generalities of DM indirect detection by synchrotron emission. Then, in Section 3 we shall characterise the most relevant SKA1 technicalities. In Section 4 we discuss the SKA1 sensitivity to synchrotron radio emission from multi-TeV DM candidates. Firstly, we adopt a model-independent approach and we conconsider prospective boosts in the DM distribution due to DM subclumps or a balck hole (BH)-related DM spike. Secondly, we will consider brane-world theories and branons as prospective TeV WIMPs. In Section 5 we will briefly discuss the possibility to detect multiwavelength emission from TeV DM candidates with several telescopes. Finally, Section 6 shall be devoted to the main conclusions of this study.
Synchrotron emission
During the transport of cosmic rays along the galactic environment, deflection of charged particles by the galactic magnetic field would result in the emission of electromagnetic radiation. Depending on the velocity regime of those particles, two distinct emissions could be detected. Namely, in the case of non-relativistic particles, emission lines are associated with the cyclotron frequency with a two-lobe distribution around the direction of acceleration. Such a cyclotron radiation cannot be detected in the case of extragalactic sources when magnetic fields are about B ∼ µG since its frequency (ν ∼ Hz) is smaller than the limit imposed by the ISM plasma frequency (ν p ∼ 2 kHz). In this regard, only some environments with high magnetic fields, such as a neutron stars, would contribute with detectable signals to this kind of radiation. On the other hand, ultra-relativistic particles, which emit in a continuous range of frequencies, are expected to be responsible for a large number of signatures in the sky, yielding the synchrotron emission in one of the most studied tracers for different processes. For example, in the case of the Milky Way, a large proportion of ultra-relativistic e + /e − can be explained in terms of the standard cosmic rays propagation for kinetic energies up to 10 GeV at the Earth, yet some astrophysical and exotic sources could produce ultra-relativistic e + /e − at higher energies. After the injection, e + /e − travel following the diffusion equation:
where ψ (r, E) is the number density of e + /e − in equilibrium per unit of energy at the point r of the galaxy, i.e., ψ represents the spectrum of products after the propagation. b(r, E) represents the energy loss term and D (r, E) holds for diffusion coefficient, which in the so-called Kolmogorov description becomes
In the following we shall use δ = 1/3 according to the Kolmogorov description. It is important to highlight that the diffusion equation (2.1) portrays a simplification of the Ginzburg-Syrovatsky transport equation. The latter takes into consideration some other mechanisms such as re-acceleration of cosmic rays (negligible in the case of ultra-relativistic e + /e − ), spallation of cosmic rays, radioactive decay of nuclei of the ISM as well as eventual interactions with the galactic wind [63, 64] . However, all these mechanisms turn out to be negligible when the content of baryonic matter is low, such as is the case of dSphs 2 .
Ultra-relativistic e + /e − are also expected to be produced in annihilation of DM particles. Thus, the source term Q e (r, E) becomes:
which describes how DM particles with a thermally averaged cross section σv annihilate injecting e + /e − to the environment with a characteristic injection spectrum dE that depends on the j annihilation channel. Once DM particles annihilate with a probability β j into a specific SM channel j, these SM particles could either decay or hadronise into cosmic rays (in our case e + /e − ) that are injected into the galactic medium. In this work, the injection spectra dN j e dE have been computed using the functions provided by the software PPC4DMID
2 The mass-to-light ratio in the case of Draco is M/L ∼ 300M /L [65] . [66, 67] , including the electroweak effect, which becomes relevant for multi-TeV energy events [68] . Such spectra establish, together with σv , β j and the mass of DM, M , the Particle Physics description for the DM model under study. In the source term (2.2), the DM density profile ρ DM (r) takes into account the spatial distribution of DM in a particular target, and therefore, the spatial distribution of the events of annihilation along the medium. In the following, we shall focus on the isolated emission from Draco dSph galaxy. For Draco dSph description, we adopt a Navarro-Frenk-White (NFW) DM density profile [15] 3 , although other halo descriptions, such as the Kazantzidis profile [69] , have also become relevant for this specific galaxy [70, 71] . For the diffusion equation Eq. (2.1), a change of variables enables to rewrite it as a heat equation [17] , and thus, an analytical solution
can be written in terms of a Green's function G (r, E, E s ): The spherical symmetry of the problem and its boundary conditions are expressed using the image charge method over the Green's function, as explained in [17, 72] . Such method considers charges positioned at r n = (−1) n r + 2nr h . Thus G (r, E, E s ) becomes
and a radius of diffusion r h = 2.5 kpc is considered for a dSph similar to Draco [15] . In the above expression, λ D (E, E s ) represents the mean free path of e + /e − from the coordinates of injection (r s , t s ) with kinetic energy E s to a coordinate (r, t) with kinetic energy E. Whenever the magnetic field is constant, b(r, E) can be assumed to be independent of the position, and thus 5) showing that the mean free path depends on both the diffusion of cosmic rays along the medium, and the e + /e − loss of energy mechanism. In fact, electromagnetic interactions affect the e + /e − propagation via bremmstrahlung, Coulombian, ICS and synchrotron emission through the term b(r, E) defined as [73] [74] [75] 
Depending on the astrophysical target, some of the above mechanisms prevail over others at different energies. In Figure 1 , energy losses due to bremmstrahlung, Coulombian, ICS Figure 1 . Radiative losses b i dependence on the e + /e − kinetic energy E. The blue band corresponding to synchrotron emission has been computed for a magnetic field between B = 1 µG (dashed line) and B = 10 µG (solid line). The bands for bremmstrahlung and Coulombian losses take into account the electron number density of the medium, n e , between 10 −6 cm −3 (dashed) for dSphs and 0.1 cm
(solid) for galaxies. The analytical expressions for all the radiative losses in terms of n e and B can be found following [16, 73, 74] and synchrotron emission have been represented 4 . There, colour bands allow us to visualise the variation of the energy losses both with the magnetic field (between 1 µG and 10 µG) and the electron density of the medium n e . While the expected electron density for galaxies is 0.1 cm −3 [76] , for dSphs lies around 10 −6 cm −3 [15] . Therefore, the latter value is taken for the particular case of Draco dSph. In Figure 1 we observe that synchrotron and ICS are more relevant at higher energies while bremmstrahlung and Coulombian losses dominate the sub-GeV range of energies.
The analysis of predominances in (2.6), may be useful in speeding up the numerical determination of ψ in Eq. (2.3) depending on the considered target. Indeed, it is necessary to take into account that the exponentials in Eq. (2.3) mix spatial coordinates with energy, rendering the computation of integrals in Eq. (2.4) difficult. In our work, following [15, 16] , in all the calculations where the mean free path is involved, b(E) would be determined using a constant averaged magnetic field, although the spatial dependence for the magnetic field B(r) is usually fully considered in Eq. (2.3) denominator. On the other hand, b(E) accounts for the emission of secondary photons in a long range of frequencies. With respect to radio
mec 2 , with ci taken from [75] . The constants σT , k b and T0 are the Thomson cross section, the Boltzmann constant and the temperature of the gas of photons respectively. frequencies, the predominant emission is expected to happen through synchrotron emission as a result of the interaction of e + /e − (although other particles could contribute) with the magnetic field. Regarding the synchrotron signal as produced by DM annihilations, the number density of e + /e − responsible for emitting such a synchrotron radiation, is obtained from solving Eq. (2.1). We obtain the number density of e + /e − along the galaxy and therefore, the number density of particles emitting that synchrotron radiation. Each e + /e − produces a radiative power of emission, P syn (ν, r, E, z), relating the e + /e − kinetic energy E with the frequency of the resulting photons in radio frequencies, allowing us to define the emissivity [14] [15] [16] 77] 
that takes into account the contribution of all e + /e − at different energies to all possible frequencies of emission. The emitted power of a single e + /e − at redshift z ≈ 0 is
where
(ξ) a modified Bessel function, 0 the vacuum permittivity and α the angle formed by the perpendicular component of the magnetic field with respect to the e + /e − momentum. Moreover, ν c (r, E) is the critical frequency
Close to this frequency, e + /e − emit the most part of their energy. Also, the magnetic field B(r) considered in this work is spherically symmetric yielding
where B 0 is the magnetic field strength and r c = 0.22 kpc is the core radius of Draco. In Figure 2 we show how the radio emission strongly depends on the magnetic field. In the case of Draco, the magnetic field lies around B ∼ 1 µG as measured in [78] . For the calculation of λ 2 D (E, E s ) we use an averaged constant magnetic field equal to B ∼ B 0 /2 in order to avoid the spatial dependence of the magnetic field B as discussed above. Once ψ is obtained from (2.3), the specific intensity I ν is obtained by integrating j ν (r, z) in Eq. (2.7) over the line of sight (l.o.s.): where the limits of integration are l max/min = d cos θ ± r 2 h − d 2 sin 2 θ and angle θ as subtended from the centre to the edge of the target galaxy [79] . Furthermore, the flux density over the solid angle Ω is given by
In general words, radio wavelengths (from mm to a thousand km) are usually comparable to the size of both antennas and baselines, allowing us to adopt interferometric strategies. Different antenna configurations, and hence different baselines, are the key to reconstruct the desired image of the sky. Radio telescopes can map the specific intensity I ν (θ, z) by resorting the so-called van Cittert-Zernike theorem [80] . Such a result relates to the cross-correlation map of detected signals between antenna pairs in the projected baseline plane (u, v), and the specific intensity I ν in the sky coordinates through the aperture synthesis technique [81, 82] . On the other hand, the flux density S ν (z) can be computed by integrating over the beam size that can be related with the angular resolution of the instrument (point-like source), the solid angle intercepted by the target Ω or the selected beam. Images with high resolution are also crucial in the S ν (z) determination in order to neither overestimate nor underestimate the signal and to not loose information of the source when integrating along the beam coordinates. Otherwise, provided the detector can resolve the source, then I ν (θ, z) would be better mapped and information about the structure of the emission can be included, rendering the S ν (z) value more accurate. In order to consider the above reasoning in our work, in the following we shall consider where pertinent either the solid angle subtended by Draco dSph, dubbed Ω DRACO , ensuring that all the emission is within this solid angle, or the largest angular scale of the radio interferometer Ω SKA (λ) that is determined by the minimal baseline through the expression θ max (λ) = 58.61λ/D min (in deg) in which we take D min = 30 m for SKA1.
SKA telescope
The SKA project is an international effort to build the world-largest radio telescope. Its interferometric configuration has been designed as an improvement of the angular resolution in single-dish radio telescopes. In this sense, a long baseline remains a crucial feature in order to reduce the hard diffraction limit in radio waves. Also, the baseline length has to be combined with a large effective area of collection A e with the purpose of ensuring a competitive sensitivity (c.f. [12] for a thorough insight on SKA1 technicalities). In particular, the SKA1-LOW consists of a low-frequency aperture array located in Australia, while the SKA1-MID is a mid-frequency array of reflector antennas, placed in South Africa. The SKA1-LOW is conformed by approximately 131, 000 log-periodic dual polarised antennas, some of them forming a compact core of 1 km and the rest grouped in about 512 stations of 10s meters of diameter each distributed over 40-km. Its range of frequencies, characterised by the lengths of the shortest and longest dipole antenna elements, lies between 50 MHz and 350 MHz. Once antennas collect the radio waves, a time delay is introduced with the purpose of reconstructing the signal in a particular direction of detection conforming a signal beam and then, the signals between pairs of antennas are cross-correlated through the correlator. In addition, by combining different sets of timing delays it is possible to construct independent signal beams covering a large FoV and increasing the survey speed. Once the signal is processed, a visibility map can be set and hence the information of the specific intensity of the source obtained. In the case of the SKA1-MID the frequencies of detection are divided into five bands ranging from 350 MHz to ∼ 13.8 GHz, though in principle the dishes are prepared to measure frequencies until 20 GHz. In addition, SKA1-MID includes 64 13.5-m diameter dishes from the MeerKAT (SKA1 precursor) and 190 15-m built specifically for the SKA1. The antennas will be distributed in a compact core with a diameter of 1 km, a further 2-dimensional array of randomly placed dishes out to ∼ 3 km radius and three spiral arms until a radius of 80 km. After measure signals are cross-correlated with each other and processed for further analysis.
Both high resolution and sensitivity are critical in the detection of radio faint sources, goals that SKA1 is able to attain. With regard to the former, the spatial configuration of the SKA1 allows to develop interferometry strategies in order to reach a high angular resolution. Even though radio astronomy searches present more limitations in this matter than searches performed in other frequencies, the SKA1 long baselines ensure one of the highest angular resolutions given by the Rayleigh criterion, θ res (λ) = 58.61λ/D max (in deg) where λ is the wavelength of the incoming radiation and D max is the maximum baseline, for a specific array configuration and Point Spread Function (PSF). At 350 MHz, in the limit between SKA1-LOW and SKA1-MID, the angular resolution θ res ∼ 0.001 deg for the SKA1-LOW, taking into account D max = 50 km and θ res ∼ 2. Purple and red bands show the resolution, θ res , of SKA1-LOW and SKA1-MID respectively for that frequency. In the case of SKA1-LOW, the no-diffusion emission model is unresolved in contrast to the SKA1-MID case. In addition, we observe that the angular distribution of the signal does not change significantly when diffusion is considered.
flux S min of a signal for a bandwidth ∆ν in an interval of time τ , namely
where k b is the Boltzmann constant, η pol is the number of polarisation states, and η s = 0.9 the efficiency of the system. In principle, as mentioned in [12] , SKA detection would be able to analyse integration times of order 1000 hours and hence, this would be the longest integration time τ we use to determine the minimal detectable flux along a bandwidth ∆ν of 300 MHz. Concerning the system noise temperature,
it includes the contribution of the sky noise T sky , i.e., all the emission from the sky that does not correspond to the target we want to measure, and the receiver noise, also dubbed instrument noise, T rcvr . The latter only dominates for SKA1 in frequencies smaller than 250 MHz and it is taken as a 10% of T sky plus a constant temperature of 40 K. In addition, the effective area A e depends on the frequency and the gain of the receptor. In the case of SKA1-LOW, two different behaviours have to be considered for frequencies lower and greater than 110 MHz, depending on the sparse-dense transition of the detector. The sparse transition is produced when antenna elements are more distant than around one wavelength and they act independently making the A e proportional to λ 2 . In the dense transition (separation smaller than about a 0.5 times the wavelength) the interaction between the antenna elements force the A e to be constant. Once again, we refer to [12] for further details.
Sensitivity Analysis
In this section, we shall study the sensitivity of SKA1 to the synchrotron radio emission as a consequence of thermal TeV DM annihilation events. In particular, we compute the specific intensity I ν (θ, z) and the flux density S ν (z) for the Draco dSph galaxy, solving Eq. (2.2). In order to plot the sensitivity curves for 10, 100 and 1000 hours we tabulate the System Equivalent Flux Density SEFD=2k b T sys /A e from [83] allowing us to use Eq. (3.1) to calculate the minimal detectable flux, S min .
Model-independent thermal TeV DM
First, we consider model-independent TeV DM candidates annihilating 100% in a single SM channel, that is β j = 1 in Eq. (2.2), with the benchmark thermally averaged annihilation cross section σv = 3 · 10 −26 cm 3 /s.
In Figure 3 , we plot the specific intensity I ν against the angle θ taking into consideration, as mentioned in Section 2, that the diffusion model is spherically symmetric. In both panels, we present the specific intensity for 1 TeV DM particles annihilating into the bb channel. In the left panel, we compare the extension of the diffused emission at different frequencies that will be covered by SKA1-LOW (150 and 350 MHz) and SKA1-MID (350, 3050 and 14000 MHz). For high frequencies the scope of the emission is confined in a small region while the signal at lower frequencies reaches larger angles. Considering this fact, even though the highest intensity is inside the core of Draco, estimated as ∼ 0.067 deg [84] , a large proportion of the signal extends further in radius. In addition, the signal follows the expected peak at the centre given by the DM density profile smoothed by the diffusion. On the other hand, in the right panel, we plot the specific intensity at 350 MHz (which establishes the limit between SKA1-LOW and SKA1-MID) after the annihilation, considering the cases of e + /e − with and without spatial diffusion. Therein, it is possible to observe that not considering diffusion, results in a signal concentrated at the centre of Draco since the spatial distribution of annihilation events follows the DM density profile strictly. In this no-diffusion case, the inner window in the right panel of Figure 3 shows that the SKA1-LOW cannot resolve the peak of the signal and thus cannot resolve any structure, so that, the target could be treated as a point-like source since most of the emission mainly happens in the neighbourhood of the centre of Draco. On the contrary, the high sensitivity of the SKA1-MID allows us to resolve some part of the structure of the cusp, however, the emission still remains highly concentrated at r 0. Once the diffusion is considered, the radio emission extends spatially, decreases slightly with the angle θ, and the effect of the peak is less pronounced. In fact, as seen in Figure 3 left panel, the peak still remains but, unlike what happens in the no-diffusion case, the steep cusp at the centre disappears. Consequently, whenever diffusion is considered, most of the signal does not come from the centre and hence the source cannot be thought of as being point-like. In this regard, we conclude that both SKA1-LOW and SKA1-MID can resolve part of the structure of the emission for Draco considering an angular resolution θ res ∼ 0.001 deg for SKA1-LOW and ∼ 2.5 · 10 −4 deg for SKA1-MID at 350 MHz.
By integrating over the solid angle Ω according to Eq. (2.13), we also obtain the flux density S(ν) for DM annihilating into a specific channel, as depicted in Figure 4 . Whereas the specific intensity I(ν) rather focuses on the spatial distribution of the target, the advantage of working with the flux density is that such a quantity allows us to determine the best frequency range -and therefore suitable detectors -to detect specific DM candidates, and thus it enables the eventual comparison of theoretical predictions with experimental data. Figure 4 . Flux density radio emission S ν for several annihilation channels with the canonical thermally averaged cross section of 3 · 10 −26 cm 3 /s and β j = 1. Colour bands correspond to the energy (frequency) range covered by SKA1-LOW (blue) and SKA1-MID (orange), respectively. Dash-dotted lines represent SKA1 sensitivity for different integration times τ , 10, 100 and 1000 hours, and have been obtained following [83] . Solid lines represent the flux density of radiation integrated over a solid angle Ω SKA (λ) while dashed lines correspond to the solid angle Ω DRACO . Upper-left panel: Sub-TeV DM annihilating into bb channel with masses of 60 GeV and 500 GeV according to [85] . Upper-right and lower-right/left panels: Flux density of radiation for DM annihilating into tt, τ + τ − and W + W − channels. The first two scenarios would be detectable for masses beyond 10 TeV, while the τ + τ − channel is less favoured to be detected and smaller DM masses would be required. Also, for these three panels lighter DM candidates seem to be detected better with SKA1-LOW, given the fact the flux density is higher at low frequencies. For heavier masses candidates, the flux density turns into an almost-flat straight line provided an integration performed over Ω DRACO .
In Figure 4 upper-left panel, we plot two sub-TeV DM candidates annihilating into bb channel, once again using the benchmark thermally averaged cross section value σv = 3 · 10 −26 cm 3 /s. Dashed lines correspond to the flux density integrated over the whole solid angle of Draco, Ω DRACO , and solid lines represent the emission integrated over the SKA largest angular scale, Ω SKA (λ). The former are represented with the purpose of studying the emission depending only on the DM model and the astrophysical description, while the latter also consider the sensitivity constraints of the radio interferometer, due to the fact that its largest angular scale depends on the frequency. At this stage, let us emphasise that the flux density shows a steepness at lower frequencies, implying that SKA1-LOW presents more competitive features to detect this kind of candidates. As the DM mass increases, (see the dashed lines refered to the candidates M = 60 GeV and M = 500 GeV in the upper-left panel) the slope is less pronounced and SKA1-MID might detect the signal, although signals start to be undetectable at high frequencies 1 GHz when Ω SKA (λ) is considered (solid lines). With respect to the upper-right, lower-right and lower-left panels in Figure 4 , we display the SKA detectability of TeV-DM annihilating into tt, τ + τ − and W + W − channels, respectively. In such panels, one can see that higher DM masses seem to facilitate the SKA1-MID detection. Also there, for higher DM masses, the slope present at low frequencies becomes smoother and the emission turns into an almost straight line. Basically, this occurs because heavier DM enables e + /e − to reach higher energies and thus the frequency of the peak, which is proportional to the kinetic energy E according to Eq. (2.10), would be shifted to higher frequencies. The lower-right panel corresponding to τ + τ − is the most disfavoured scenario for detection to happen since between 10 and 100 hours would be required to detect that channel for a DM candidate with a mass of 1 TeV. According to the S min limit as given by Eq. (3.1), lower-right panel shows that the mass of 10 TeV remains inaccessible even if the integration time τ is increased in one order of magnitude (when the boost is 3.43, around 5000 hours would be needed). The tt and W + W − channels, as depicted on the upperright and lower-left panels respectively, show that these channels are more favoured to be detected by SKA1. Indeed, for these two channels, within a window of 10 hours, 1 TeV DM particles would be detected. Nonetheless, for DM masses around 10 TeV, 1000 hours would be necessary. Finally, Figure 4 allows us to conclude that provided M = 100 TeV or heavier masses 5 , SKA1 would be unable to detect signals as from tt, W + W − and τ + τ − channels, since the required integration time would have to increase in several orders of magnitude.
In Figure 5 , through an exclusion plot σv vs. M , we study the sensitivity of both SKA1-LOW and SK1-MID in the detection of model-independent DM candidate annihilating into bb, τ + τ − and W + W − channels. The lines in orange show that SKA1-MID will cover a larger parameter space than SKA1-LOW after 1000 hours of integration time. As we mentioned above, SKA1-MID seems to be more suitable to detect heavier candidates. However, considering that for small masses both SKA1-LOW and SKA1-MID cover a similar region on parameter space, SKA1-LOW would allow us to detect a candidate after a shorter integration time than SKA1-MID since the former S ν is more pronounced at lower frequencies. The black region, in which σv > σv th , has been plotted representing that part of the parameter space where an overproduction mechanism of DM is necessary according to the Standard Cosmology. As an illustrative example, in the case of the W + W − channel, the intersection of the black line with the orange and blue lines set a minimum sensitivity constraint for thermal DM in M = 7 TeV and M = 10 TeV for SKA1-LOW and SKA1-MID respectively.
In Figure 6 , we show some particular values of mass of model-independent DM which would be able to explain the J1745 − 290 GC gamma-ray signal detected by HESS, as mentioned in Section 1. There, leptonic and bosonic channels are represented in the left panel, whereas quarks channels appear in the right panel. As a matter of fact, should DM subclumps in the DM galactic halo are considered, a multiplicative factor in Eq. (2.3) of order 2 − 3, to be inherited in the flux density, would be allowed for both NFW and Burkert profiles [87]. However, some authors estimate a smaller multiplicative factor, ∼ 1.3 (if one assumes M vir = 7 · 10 7 M [87]) times the smooth halo contribution, under the assumption that subhalos and sub-subhalos are tidally stripped [88] . These two scenarios will are discussed in the following analysis. As seen in Figure 6 , the detection of some candidates highly depends on the dynamic assumed on the halo substructures. A boost of 1.3 that considers a tidal stripping effects on the boost would not be enough to shift the signal to detectable regions. However, the value of 3.43 would render some candidates detectable. Figure 6 shows that model-independent DM candidates annihilating in either leptonic or bosonic channels would not be detected by SKA1 after 1000 hours of integration, even if the optimistic boost factor of 3.43 due to halo substructures is considered. However, provided substructures without tidal effects are considered, DM candidates annihilating into quark channels uu (M = 27.9 TeV), dd (M = 42 TeV) and cc (M = 31.4 TeV) would be measured after an integration time of 1000 hours. In this case, as the figure shows, the astrophysical boost due to clumps in the dSph halo is unable of boosting the signals to SKA1-detectable regions. The SKA1 sensitivity able to detect eventual signals from such candidates would not be reached, even if the integration time increases to tens of thousands of hours. Finally, let us conclude this analysis by highlighting again that the detection of candidates described in this section lies near the limit of the SKA1 sensitivity curves, and thus, a more detailed and realistic description of the halos and its substructures would be required. . Flux density radio emission over Ω SKA (λ) for DM candidates that would be in agreement with gamma-ray signals from J1745 − 290 GC as detected by HESS [55] . In all cases the canonical thermally averaged cross section 3 · 10 −26 cm 3 /s is considered. As in Figure 4 colour bands correspond to the energy (frequency) range covered by SKA1-LOW (blue) and SKA1-MID (orange) respectively. Dash-dotted lines represent SKA1 sensitivity for different integration times τ of 10, 100 and 1000 hours. Left panel: leptonic and bosonic channels without boost factor (solid lines), with a boost factor of 1.3 (dash-dotted line) and with a boost factor of 3. 
Black-hole effect in annihilating DM signals
In this section, we study how the presence of a black hole (BH) in the centre of Draco would result in the radio emission enhancement by several orders of magnitude. Indeed, DM boosters have been widely considered in several studies devoted to DM indirect searches, including subclumps [87] in DM halos, Sommerfeld enhancement [89] and BH-spikes [90] . Even though there are no strict experimental measurements about the presence of BH at the centre of Draco dSph, some authors have discussed this possibility and evaluated the expected signals from DM annihilating in this novel scenario [15, 90] . For the particular case of Draco, since its environment does not present a gas rich environment, it would be reasonable to argue that such a BH would not be in an accreting luminous phase [15] . Thus, the main goal of this section is not only to study the effects in the detectability of TeV DM when a BH is included in dSph, but also to provide the rudiments, to be further discussed in Section 4.3, on how the BH inclusion can enlarge the parameter space of model-dependent DM candidates to be detected at radio frequencies. The treatment to include the BH effects in DM indirect detection analysis consists of studying how the DM density profile changes when the BH lies at the centre of the DM halo [91] . Generally, a density piecewise function sets an inner region where the BH may exhibit its gravitational influence, typically, for radii smaller than r cut , at which the total mass of the density profile becomes 2M • , being M • the BH mass. In the rest, a standard DM density profile would be expected. In order to address this issue, authors in [91] studied the case where a BH grows adiabatically and thus, the inner part of the DM profile ρ(r) ∼ r −γ is adiabatically contracted into a final profile ρ(r) ∼ r −γsp , with γ sp > γ. Consequently, the modified DM density profile ρ DM+BH (r) in a presence of a BH becomes
where ρ DM (r) is the standard DM density profile (NFW for us) without a BH. As seen in Eq. (4.1), the BH effect turns into a spike in the DM profile. In the region r < r cut , Eq.
(4.1) shows the existence of an upper limit, M σv (t−t f ) , in the density due to an efficient DM annihilation. In this expression, M still remains the mass of DM and (t − t f ) holds for the BH age, taken as 10 10 yr for Draco. In addition, the transition between the aforementioned upper limit and the density in the region where the BH has no influence (r ≥ r sp ) is gradually modulated by a power law with exponent γ sp = (9 − 2γ)/(4 − γ). Full discussion on how the presence of a BH in Draco would affect the multi-wavelength analysis can be found in [15] . Taking into account that masses for Draco bigger than 10 7 M are dynamically excluded [92] , in the following we shall consider a BH with a mass of either 10 3 M or 10 5 M according to [93] [94] [95] .
In Figure 7 left panel, we compare the specific intensity for a model-independent DM candidate annihilating into bb channel with M = 1 TeV. In this plot we observe an enhancement of the signal close to the centre of Draco due to the presence of a black hole of 10 3 M . For outer regions the specific intensity for both the cases (with and without BH) tends to the same limit. Indeed, we note that although the diffusion is able to soft the cusp of the NFW profile, the BH-spike remains with the diffusion. In addition, taking into account the SKA1-LOW and SKA1-MID resolutions at 350 MHz, namely θ res = 0.001 deg and θ res = 2.5 · 10 −4 deg respectively, Figure 7 left panel shows that both detectors may resolve part of the BH peak structure. Regarding the flux density, in Figure 7 right panel, we study the signal for a model-independent DM candidate annihilating into W + W − channel with M = 100 TeV. As can be seen there, even considering one thousand hours, SKA1 would not detect such a DM mass. However, for the case of the smallest BH mass (M • = 10 3 M ), a DM mass of M = 100 TeV would be detectable in a window of less than 10 hours for both SKA1-LOW and SKA1-MID. Of course, for a BH mass of 10 5 M , the integration time would be even shorter. Consequently, the presence of a central BH would render SKA1 constraints competitive in the range of TeV DM and heavier candidates. In addition, as seen in Figure 7 right panel, no qualitative differences in the shape of the emission for the three studied cases are observed.
Branons and extra-dimensions
The Arkani-Hamed Dimopoulos Dvali model (ADD model) [96] [97] [98] emerges to address the hierarchy problem in Physics suggesting that our Universe is a (3 + 1)-dimensional brane, where the SM fields propagate. Such a brane is embedded in a higher extra-dimensional compactified space that hosts the propagation of gravity, the bulk. are defined through the manifold M D =M 1+3 × B, being M 1+3 the brane four-dimensional space-time embedded in a D−dimensional bulk, both of them characterised by their respective metric tensors, g µν and g mn [99] . In fact, the global space-time of such a manifold can be represented by
where x ν and y m , with µ, ν = 0, 1, 2, 3 and m, n = 4, 5, 6..., D − 1, denote the coordinates for the four-dimensional brane and the compact extra-dimensional space respectively. In addition, W (y) represents the warp factor along the extra-dimensions. In the case where W (y) = 1, the most general one, the warp factor would produce a curvature that explicitly breaks the translational symmetry and the brane fluctuation can be parametrised by a massive pseudo-Goldstone field, π α , dubbed branon of mass M . In the range of low tension (f M), where Kaluza-Klein modes decouple from SM, the branon dynamic is given by the Nambu-Goto action added to the usual SM action, associated with the following Lagrangian [100] [101] [102] [103] [104] [105] [106] ;
As we see in Eq. (4.3), the coupling between branons and SM particles is highly suppressed by the tension of the brane by a factor f −4 . Also, the brane Lagrangian (4.3) conserves parity and terms with odd number of branons are not allowed, hence, branons are stable. Being branons weakly interacting, massive and stable, they are natural candidates for DM [99, [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . Moreover, branons have the possibility of annihilating into SM particles, whose probability of annihilation is expressed by the thermally averaged cross section σv , that depends on the branon mass M and the tension of the brane f . Once the number of extra dimensions is fixed, the pair (f, M ) sets the parameter space describing both the field and the probability of annihilation. Branons may annihilate into Dirac fermions ψ with mass m ψ . In this case, the cross section yields [121] 
whereas for a massive gauge fields (Z), of mass m Z , it reads [121] 
However, for W bosons, the expression 4.5 has to be multiplied by a factor 2. Finally, let us remark that a monochromatic gamma-ray line is also expected at the energy equal to the branon mass as a consequence of direct annihilation into photons since branons couple directly to them. However, this annihilation takes place in d-wave channel and consequently it is highly suppressed [121] .
In this study, we have focused on the annihilation of TeV branons producing e + /e − as a final state. The probabilities of annihilation in specific channels show that e + /e − are mainly produced via W + W − and ZZ bosonic and tt quark channels [122] . Previously, specialised literature has constrained the branons parameter space (f, M ) through different methods. For instance, collider detections by the ILC, LHC or CLIC have been taken into account [105, 106, [123] [124] [125] . Also, further astrophysical and cosmological bounds for brane-world theories were obtained in [99, [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] . In addition, some other constraints resorted to constraints on positrons for AMS-02 [35] and gamma-rays for detectors, such as EGRET, FERMI and MAGIC [34, 126] . In Figure 8 the emission for thermal branons with 3 · 10 −26 cm 3 /s is computed for the SKA1 range of interest. Without taking into account any boost factor, the SKA1 detection of thermal branons for 1000 hours of integration time becomes feasible for masses smaller and around 6 TeVs in some specific frequencies, namely in SKA1-LOW high frequencies and SKA1-MID middle frequencies (intermediate bands). This means that for M > 6 TeV only boosted radio signals could be measured by this detector.
Moreover, let us consider two branons that would be in agreement with the experimental data for other detectors. The first one is a branon (f = 4.99 TeV, M = 38.1 TeV) fitting AMS-02 positron fraction excess [35] , while the second one is a branon (f = 27.5 TeV, M = 50.6 TeV) that would be in agreement the gamma-ray data measured by HESS from [34] . The first candidate has a thermally averaged cross section of σv = 1.76·10 −21 cm 3 /s, clearly exceeding the canonical thermally averaged annihilation cross section 3 · 10 −26 cm 3 /s. However, some mechanisms such as the Sommerfeld enhancement could explain this anomalous value, and hence this scenario cannot be fully discarded [89, 128] . The second candidate possesses σv = 1.14·10 −26 cm 3 /s, clearly below the canonical thermally averaged cross section 3·10 −26 cm 3 /s. Consequently, such a candidate can be considered as a thermal relic. In Figure 9 left panel, we observe that SKA1 would be able to detect the first branon (f = 4.99 TeV, M = 38.1 TeV) without any boost factor. However, for the second one (f = 27.5 TeV, M = 50.6 TeV), SKA1 would need either around 10 5 hours of integration time when no boost factor is added or 10 4 hours in the event a boost factor Boost = 3.43 is considered.
Finally, we put contraints on the (f, M ) parameter space in extra-dimensional brane world theories. As shown in Eq. (4.3), when the thermally averaged cross section is not fixed a priori, the DM mass M and the tension of the brane f behave as free parameters. Eqs. (4.4) and (4.5) show that the averaged cross section depends on f −8 , and thus in this scenario, the coupling of branons with SM particles is highly suppressed for large f . When cosmological and astrophysical limits are imposed to brane-world models, i.e., the thermally averaged cross section is fixed, the tension f becomes a function of the M [133] , so that the mass of the DM particle remain the only free parameter of the model. In Fig. 9 right panel we show the constraints on the (f, M ) parameter space that could be obtained by the SKA1 telescope as well as the aforementioned curve f (M ). There, the black line represents the curve f (M ) associated to the thermal relic with σv th = 3 · 10 −26 cm 3 /s. Within the black region, the standard freeze-out mechanism overproduces branons and σv > σv th . The region in red would be detectable by SKA1 with any boost. This means that SKA1 could detect thermal branons with masses below 10 TeV and tensions f < 10 TeV. Blue and green regions represent the detectable parameter space considering a BH mass of either 10 3 M or 10 5 M respectively. By comparison, on the one hand, we show as a yellow star the M = 50.6 TeV and tension f = 27.1 TeV branon DM candidate, that is thermal with σv = 1.1 · 10 −26 cm 3 /s. On the other hand, we show as magenta star the M = 38.1 TeV and tension f = 4.99 TeV branon able to fit the AMS-02 positron data and detectable by SKA1. Nonetheless, this candidate, would require some non-conventional mechanism of DM production in the Early Universe to be considered. 
Multiwavelength TeV DM
As we discussed previously, SKA1 could play a significant task in multi-TeV DM searches. Nevertheless, the sensitivity constraints established in this work for WIMPs are about 10 TeV for the maximum thermally averaged cross section without considering any boost, and therefore, other range of frequencies should be considered for heavier candidates. Although SKA1 represents one of the most promising telescopes for radio astronomy and thus multiwalength DM searches, in the particular case of multi-TeV DM, the peak of emission does not lie on the radio frequencies, as we show in 10. In fact, a DM candidate of 100 GeV has the peak of emission at radio frequency of ∼ 10 11 Hz, while ∼ 100 TeV DM particles emit syncrotron emission up to X-rays (∼ 10 17 Hz), opening new prospectives of detectability with several other experiments. Although, radio telescopes are able to reach the highest sensitivities (the lowest colour bands in Figure 10 ) in the whole spectrum (even higher frequencies not represented in Figure 10 ), complementary studies with other telescopes could be considered. On the one hand and concerning radio frequencies, the first detector we shall mention is the GBT since one of its frequency bands (67-115 GHz) lies on the most convenient region Figure 10 . Flux density S ν over Ω DRACO as given in Eq. (2.13) times frequency ν for Draco in the range of frequencies 10 5 − 10 17 Hz as produced by e + e − synchrotron emission for different DM masses and annihilation channels. Colour bands represent regions of detectability for different detectors (SKA1 [83] , FAST [12] , VLA [129] , GBT [12] , ALMA [130] , Herschel [130] , Spitzer [130] , JWST [131] , E-ELT [129] , Hubble [130] and Chandra) [132] on a large range of frequencies. Whereas GeV DM seems suitable to be detected in radio frequencies, TeV DM would be better detected at higher frequencies. Even though SKA1 exhibits a competitive sensitivity to measure DM indirect signals up to 10 TeV (yellow lines), for heavier TeV DM, the maximum of emission shifts to frequencies higher than the SKA1 range. Targets with a radio signal boost mechanism could improve the competitiveness of these detectors.
to detect synchrotron emission as produced by TeV DM. As seen in Figure 10 , GBT band seems suitable to detect TeV DM candidates, although its sensitivity does not reach the limit of detectability for TeV DM candidates. Also in the limit of low radio frequencies, LOFAR targets a frequency band ranging from 10 to 50 MHz (Figure 10 in yellow) not achievable by other radio telescopes. Considering the flux density νS ν dependence with the DM mass, we observe that LOFAR would be able to detect sub-GeV DM candidates. In addition, we should keep in mind other telescopes with high sensitivities, such as FAST and VLA. In their present design, both of them are suitable for DM detection with masses lower than 10 TeV. However, the incorporation of new technology in both detectors will improve their sensitivities allowing to detect heavier DM [134] . On the other hand, Figure 10 shows how the synchrotron emission peak is displaced to frequencies beyond radio for higher DM masses, while the maximum value also decreases with the mass. Consequently, telescopes operating beyond radio frequencies and equipped with a competitive sensitivity seem in principle convenient to detect TeV DM candidates using synchrotron emission signals. In such a figure one can see that the peaks for DM masses of 1, 10, and 100 TeV lie on frequencies around 10 12 , 10 14 and 10 16 Hz respectively, quite away from radio frequencies. However, in terms of sensitivity, SKA1 still presents a higher sensitivity than other detectors studied in Figure 10 . In this sense, prospective boosts due to either substructures or a BH-induced DM-spike, could be instrumental in order to detect synchrotron signatures beyond the radio frequencies with the current generation of experiments, such as ALMA, JWST and Chandra.
Conclusions
In this work we have calculated the synchrotron emission produced by annihilating TeV DM candidates with the aim at establishing the ability of the radio SKA telescopes to detect the associated radio signal from dwarf spheroidal galaxies. In particular, we consider the case of Draco dSph.
Due to the high spatial resolution achieved in radio frequencies, two quantities are important for this kind of analysis: the specific intensity, which provides the differential distribution of the emission along the angular size of the source, and the flux density, which takes the integrated flux over the angular size of the source and/or the beam selected for the analysis.
First of all, should not be dismissed the crucial role that magnetic fields play in this kind of analysis, as showed in Figures 1 and 2 . In addition, we checked that other profiles such as the Kazantzidis profile would not change the results presented in this paper significatively . For instance, the flux density times frequency for a 100 GeV DM candidate annihilating into bb channel presents a value of 7.02 · 10 −20 erg cm −2 s −1 at 6 · 10 9 Hz when a magnetic field of 1 µG is considered while, at the same frequency, the value is 2.42 · 10 −18 erg cm −2 s −1 if B = 5 µG. This example shows how an increment of 4 µG for the Draco magnetic field would enhance the radio signal around two orders of magnitude. In this regard, throughout our paper we used a conservative value of 1 µG for the magnetic field. Figure 3 and left panel in Figure 7 show how the inclusion (or not) of a diffusion mechanism and the effect of a black hole may change the angular distribution of the signal emitted by Draco. On the other hand, the flux density allows us to set constraints of detectability of radio emission from multi-TeV DM candidates. First of all, we consider model-independent DM particles with the benchmark thermally averaged annihilation cross section 3 · 10 −26 cm 3 /s in one SM channel. The results were illustrated in Figure 4 . SKA1-LOW seems to favour the detection of sub-TeV DM candidates since the flux density increases at low frequencies for such a range of masses. However, for heavier DM candidates, the flux density becomes almost constant with frequency, and hence the eventual emission would be better detected by SKA1-MID since its sensitivity is higher than SKA1-LOW. After 1000 hours, SKA1 makes possible to detect DM candidates heavier than 10 TeV, provided DM annihilates mainly via either tt or W + W − channels while for DM annihilating via τ τ channel, only masses below 10 TeV would be detectable. In particular, we set some sensitivity constraints for the DM parameter space annihilating via bb, τ τ and W + W − channels in Figure 5 and we compare such limits with previous work from other authors. Following with the model-independent analysis, in Figure  6 we show the particular case of some particular TeV DM candidates that could be able to explain other observed emission, such as the J1745 − 290 Galactic Centre source (27.9, 31.4 and 42 TeV DM candidate annihilating in the uu, cc and dd SM channels respectively). These candidates would be detectable with SKA1 after 1000 hours of integration time. Further, we consider the effect on the prospective detection having a boost factor due to substructures or a black hole DM spike. In the right panel of Figure 7 , we speculate the possibility for Draco to host a black hole with a mass 10 5 M . In this case, the flux density enanchement would be of almost six orders of magnitude, rendering some very heavy DM candidates to be eventually detectable by SKA1. In particular, 100 TeV DM would be detectable within the 10-hour SKA1 integration-time window. Finally, we studied brane-world theories and branons as TeV WIMPs candidate. In Fig. 8 we show how the limits of SKA1 detectability for thermal branons follow a similar behaviour to the model-independent scenario when annihilating in W + W − . This is because for the multi-TeV range of masses, thermal branons annihilate mainly into the W + W − and ZZ SM channels. We also set contraints on the (f , M ) parameter space of the brane-world model, considering both the case of thermal branons and the effect of any enhancement factor due to sub-structures or a BH-spike. In particular, in the left panel of Fig. 9 we show the sensitiviy limits for two particular DM candidates able to explain the cut-off in gamma rays detected by the HESS telescope, or the AMS-02 positron data. These two candidates are also depicted in the right panel of the same figure as yellow and magenta star, respectively. Finally, in Section 5 Fig. 10 we have discussed the multi-wavelength approach as complementary strategy to detect TeV DM candidates with several telescope up to the X-ray band. Concluding, the first SKA1 operations are expected in 2020 6 , and then, with the addition of new technology, the progression to SKA2 will start gradually [12] . In this regard, we shall expect an improvement of a factor 10 in the detection of radio signal computed in this work whenever the SKA2 project to be fully operational [12] . Work in this direction is in progress.
